In clinical trials, metronomic cyclophosphamide (CPA) is increasingly being combined with vaccines to reduce tumor-induced immune suppression. Previous strategies to modulate the immune system during vaccination have involved continuous administration of low dose chemotherapy, studies that have posed unique considerations for clinical trial design. Here, we evaluated metronomic CPA in combination with a peptide vaccine targeting HPV16E7 in an HPV16-induced tumor model, focusing on the cytotoxic T-cell response and timing of low dose metronomic CPA (mCPA) treatment relative to vaccination. Mice bearing C3 tumors were given metronomic CPA on alternating weeks in combination with immunization with a DepoVax vaccine containing HPV16E7 49-57 peptide antigen every 3 weeks. Only the combination therapy provided significant long-term control of tumor growth. The efficacy of the vaccine was uncompromised if given at the beginning or end of a cycle of metronomic CPA. Metronomic CPA had a pronounced lymphodepletive effect on the vaccine draining lymph node, yet did not reduce the development of antigen-specific CD8 C T cells induced by vaccination. This enrichment correlated with increased cytotoxic activity in the spleen and increased expression of cytotoxic gene signatures in the tumor. Immunity could be passively transferred through CD8 C T cells isolated from tumor-bearing mice treated with the combinatorial treatment regimen. A comprehensive survey of splenocytes indicated that metronomic CPA, in the absence of vaccination, induced transient lymphodepletion marked by a selective expansion of myeloid-derived suppressor cells. These results provide important insights into the multiple mechanisms of metronomic CPA induced immune modulation in the context of a peptide cancer vaccine that may be translated into more effective clinical trial designs.
Introduction
Therapeutic intervention of cancer is a complex challenge, and the stage, type of cancer and host immune response may all influence treatment outcome. Effective cancer immunotherapy requires consideration of technical and immune-related issues to optimize vaccine strategies, including: (a) appropriate selection of tumor associated antigens; (b) vaccine immunogenicity (i.e., adjuvant, formulation); and (c) overcoming tumor-induced immune suppression. 1, 2 Translational studies wherein clinical immune parameters can be emulated in pre-clinical models can permit in-depth evaluation of the immune response to identify potential biomarkers and improve treatment regimens.
We have developed an adjuvanting vaccine platform designed to facilitate a strong and robust immune response to peptide antigens. DepoVax TM (DPX) is a liposome-in-oil formulation, including an adjuvant and universal T-helper peptide that can be formulated with any epitope or mixture of epitopes. DPX forms a durable and immunogenic depot at the site of immunization which prolongs antigen exposure to the immune system and results in systemic induction of a cytotoxic T lymphocyte (CTL)-mediated immune response. 3 We have shown that a single vaccination with DPX results in equivalent or better immune responses than multiple vaccinations with peptides in emulsion formulations. 4, 5 A DPX based vaccine called DPX-0907 containing 7 peptide epitopes from different tumor associated antigens completed a Phase I clinical trial in breast, ovarian and prostate cancer patients, demonstrating safety and immunogenicity in these advanced tumor-bearing patients. 6 Despite the ability to induce antigen-specific T cells, many cancer vaccines are ineffective inducers of tumor immune rejection due to the immunosuppressive mechanisms employed by the tumor to dampen the immune response. To address this, cancer vaccines are increasingly being combined with immune modulators that have the capacity to reverse tumor-imposed immunosuppression and enhance the immune response. 7 One example of an immune modulator is cyclophosphamide (CPA) used at low dose. A single bolus intravenous injection of low dose CPA (sbCPA) in mice has been demonstrated to selectively reduce Tregs, increase activation of dendritic cells, and stimulate induction of Type I interferons. [8] [9] [10] Administration of sbCPA (50-100 mg/kg) 1 to 3 d prior to vaccination of mice also enhanced antigen-specific T-cell responses. 11, 12 However, sbCPA administration prior to vaccination in humans (100-300 mg/m 2 ) has not demonstrated equivocal results. 13, 14 One reason for this discrepancy is that the timing of vaccination relative to administration of sbCPA appears to be very sensitive. In mice, if the vaccine is administered too early after sbCPA (i.e., within 6 hours) it could result in increased systemic toxicity, yet when delivered too late (i.e., more than 7 days) the therapy may abrogate any synergistic effects. 15, 16 This sensitivity may be amplified in clinical studies involving a more immunologically heterogeneous subject population.
In order to prolong the window of immune modulation provided by low dose CPA, a schedule of daily low dose administration of CPA has been proposed as an alternative treatment schedule, which is commonly referred to as metronomic CPA (mCPA). 17 Daily mCPA doses are a fraction of the dose commonly used in sbCPA therapy and can be administered orally as a pill. Continuous treatment with mCPA has been associated with an anti-angiogenic effect within the tumor microenvironment. 18, 19 Recently, Ghiringhelli et al. tested a variation of mCPA scheduling in cancer patients consisting of a daily dose of 50 mg twice a day (»60 mg/m 2 ) for 1 week on followed by 1 week break. 20 After 1 month, this week on/ off regimen was found to provide immune modulation by selectively reducing Tregs and enhancing natural killer (NK) cell activation. However, in comparison to sbCPA, there are few studies that investigate the combination of mCPA and vaccination. One important consideration is the optimal timing between administering the vaccine and providing a continuous treatment with mCPA.
Vaccine studies are currently limited by the lack of models expressing relevant immunogenic epitopes. In this study, we investigated the underlying mechanisms of mCPA-induced vaccine enhancement using a transplantable HPV16 murine tumor model. HPV16 is an oncogenic causative virus of anogenital and oropharyngeal cancers. 21, 22 Peptide vaccines targeting the HPV16 E6 and E7 proteins have demonstrated strong immunogenicity in clinical trials, yet have failed to consistently provide clinical benefit. 23, 24 The immunosuppressive tumor environment established by these types of malignancies may be one factor mitigating the efficacy of the vaccine-induced immune response. 25 Prior research has established that HPV16 expressing tumor models are sensitive to immune modulation provided by mCPA. 26 Here, we conduct an extensive survey of various types of immune cells in the spleen and lymph node, as well as those infiltrating the tumor, following combinatorial treatment with mCPA and vaccination. We have specifically focused on the effects of mCPA treatment on the development of a vaccine-induced cytotoxic T-cell response. We have also investigated various schedules of mCPA and vaccination therapy, which could have important implications for clinical trial designs.
Results
mCPA and sbCPA in combination with a peptide-based vaccine provide enhanced tumor control
We compared immune modulation of low dose CPA administered intravenously (IV) as single bolus (100 mg/kg) or administered orally (PO) as metronomic (20 mg/kg/day) CPA in combination with a DepoVax vaccine containing HPV16E7 49-57 (R9F) peptide antigen (DPX-R9F). Mice were implanted subcutaneously with HPV16E7 expressing C3 tumors and vaccinated every 3 weeks starting 12 d after implantation. The mCPA schedule was selected to mimic our proposed clinical trial design based on clinical data from Ghiringhelli et al. and was given 1 week on and 1 week off starting on day 5. 20 sbCPA was given every 3 weeks, one day before each vaccination, which is common scheduling for this type of low dose CPA therapy. 13, 14 Starting vaccination on day 12 enabled us to test the combination of low dose CPA with vaccine on established tumors that are difficult to control with either vaccine or low dose CPA monotherapy. As shown in Figure 1 , repeated DPX-R9F vaccine monotherapy delayed tumor growth, as expected, but was ultimately unable to abrogate tumor progression. Both mCPA and sbCPA also delayed tumor growth when given as a monotherapy, but sbCPA provided a longer delay in tumor progression than mCPA. Both mCPA and sbCPA in combination with DPX-R9F vaccine provided durable tumor growth control with no significant differences between the 2 combinations in the long term.
We confirmed the presence of an active immune response 8 d after the final vaccination (day 62 of the study) in each group by performing IFNg ELISPOT assay using lymph node cells isolated from the vaccine draining inguinal lymph node. As shown in Figure 1C , the mice implanted with C3 tumors and treated with DPX-R9F vaccination in combination with either mCPA or sbCPA generated a strong antigen-specific immune response.
It is noteworthy that there is a non-specific IFNg background in these groups as well, which has been reported by others after low dose CPA treatment and appears to be associated with increased proliferation of T cells. 29 Dextramer staining for R9F-specific CD8 C T cells also confirmed the presence of antigen-specific CD8 C T cells among lymph node cells from mice treated with DPX-R9F vaccine combined with mCPA or sbCPA (Fig. 1D) . Similar immunogenic effects were seen among splenic lymphocytes responding to the combinatorial treatment regimens (data not shown).
mCPA can be administered one week before or one week after vaccine with no detriment to immunogenicity A disadvantage to sbCPA treatment is that the timing of vaccination relative to CPA administration is very sensitive. 15, 16 To test whether the timing of mCPA relative to vaccination affected the efficacy of treatment, we performed a tumor challenge experiment wherein mice were consistently vaccinated at either the end or the beginning of one week mCPA administration. To determine whether treatment could be initiated at a later time point after tumor challenge and still provide protection, treatment was begun either one week (day 7) or 2 weeks (day 14) after tumor implantation. All groups were part of one study and were treated in parallel, allowing comparison between treatment groups ( Fig. 2 and S1 ).
In this survival study, combination therapy provided significantly better protection from tumor growth compared to monotherapy when started early (i.e., day 7; Fig. 2, A and B) . When treatment was started later (i.e., day 14) combination therapy provided no additional therapeutic benefit in comparison to either treatment alone (Fig. S1) . The comparative efficacy of the combination therapy when vaccination was provided at either the start (Fig. 2A) or the end (Fig. 2B) of each mCPA cycle indicates that providing mCPA before or after vaccination does not reduce the immunogenicity of the vaccine. We further confirmed that the timing of the mCPA treatment (i.e., one week before or after vaccination) did not impact vaccine immunogenicity by IFNg ELISPOT assay using lymph node cells from treated mice (Fig. 2C) . mCPA enriches antigen-specific CD8 C T cells in the lymph node
We next sought to investigate the cellular effects on the immune system induced by the combination of mCPA with DPX-R9F in C3 tumor-bearing mice. To ensure the subjects in all groups were still alive at the time of analysis, we tested mice implanted with tumors and treated for one week with mCPA starting on day 14 followed by a single vaccination with DPX-R9F on day 21 (Fig. 3A) . On day 29, 8 d after vaccination, mice were terminated and vaccine-draining inguinal lymph nodes and spleens were collected, dissociated and immune cells counted (Fig. 3B) . At this time point, total lymph node counts were significantly reduced in most groups treated with mCPA relative to the non-mCPA control groups (P < 0.05). mCPA did not significantly reduce lymph node size in tumor-bearing mice as compared to untreated tumor-bearing mice (P D 0.683). The lymph nodes in the non-tumor bearing mice treated with mCPA only were too small for analysis.
Immune responses in the lymph nodes measured by IFNg ELISPOT assay showed that the vaccine induced an antigen- specific immune response enhanced by the combination treatment, despite having fewer total lymph node cells (Fig. 3C) . We determined the absolute numbers of CD8 C T cells and R9F-specific CD8
C T cells by immunostaining and fluorescence cytometry and found that although the mCPA treatment caused a decrease in total CD8
C T cells, the number of antigen-specific CD8 C T cells induced by the vaccine was not affected (Fig. 3D) , resulting in an overall enrichment of this cell population in the vaccine draining lymph node in both tumor-bearing and nontumor bearing mice.
mCPA in combination with vaccination increases CTL activity in the spleen
Next, we performed IFNg ELISPOT assay using splenic cell preparations from mice treated as in Figure 3A . Similar to the draining lymph node, we detected increases in antigen-specific immune response to R9F peptide stimulation among lymphocytes from the spleens of mice treated with mCPA and vaccine as compared to vaccine alone, although this difference was not significant (p D 0.097; Fig. 4A ). Additionally, the splenocytes of vaccinated tumor-bearing mice generated a strong response to C3 cell stimulation as determined by the IFNg ELISPOT assay (Fig. 4B) . To measure the functional activity of the cytotoxic T cells induced by the vaccine, we performed a CTL in vivo assay (Fig. 4C ). Mice were treated as in Figure 3A and injected with target cells on day 28 then terminated on day 29. Correlating with the increase in antigen-specific immunogenicity as determined by the IFNg ELISPOT, the antigen-specific killing of R9F-loaded target cells was significantly increased by DPX-R9F vaccination in both tumor bearing and non-tumor bearing mice, a cytotoxic effect further enhanced by mCPA combination. In contrast, control mice vaccinated with an irrelevant epitope did not display killing of R9F-loaded target cells (data not shown).
Combination therapy increases cytotoxic T cell gene signature in the tumor microenvironment
To measure several markers at once within the tumor microenvironment, we extracted total RNA from tumors of mice Mice (n D 10) were implanted with C3 tumors on study day 0. Groups were treated with metronomic cyclophosphamide (mCPA) only, DepoVax vaccine (DPX-R9F) only, a combination of mCPA and vaccine, or PBS as a negative control. All groups were part of the same experiment and were treated in parallel. Treatment commenced one week (day 7; A and B) or 2 weeks (day 15; C and D) after implantation. mCPA was administered every other week for 7 consecutive days and vaccine was given corresponding to the first day of each mCPA treatment (A) or the last day (B). Mice were terminated humanely when tumor size reached 2000 mm 3 . Statistical analysis of differences in survival were analyzed by log-rank (Mantel-Cox) test, comparing vaccine only with combination therapy; *P <0.05, ****P < 0.0001. (C) Mice (n D 5) were implanted with C3 tumors on day 0 and then vaccinated with DPX-R9F on day 21. mCPA was administered for one week before vaccination (days 14-21) or one week after vaccination (days 21-28). Mice were terminated on day 29 and immune responses of immune cells derived from vaccine draining lymph nodes to dendritic cells loaded with R9F peptide (versus unloaded controls) were assessed by IFNg ELISPOT assay. Statistical analysis was performed by Student's t-test; *P < 0.05. Figure 3A on day 29 and analyzed the transcript levels of immune-related genes by quantitative RT-PCR (Fig. 5) . We found elevated levels of CD8a (Cd8a) and CD4 (Cd4) mRNA in the combination treated group compared to all other groups, indicating increased T-cell infiltration of the tumor. Coinciding with increased T-cell gene signatures were increased expression of the CTL cytokine markers IFNg (Ifng) and Granzyme B (Gznb), while levels of IL-4 (Il4) were low across all groups, indicating a skew toward a T helper type 1 (Th1) phenotype within the tumor microenvironment. Expression of the regulatory T (Treg) cell markers IL-10 (Il10) and FoxP3 (Foxp3) were both increased in the combination treated group. B cell levels, as measured by CD19 (Cd19) expression were low in all groups, suggesting that tumor-infiltrating B cell levels were minimal in animals treated with the combinatorial therapy. The expression of co-inhibitory markers, PD-1 (Pdcd1) and CTLA-4 (Ctla4), were also significantly increased in tumors of mice treated with the bimodal mCPA and vaccine therapy.
treated as in

Antigen-specific cytotoxic T cell activity induced by vaccination is enhanced by mCPA
We found that even transient and delayed treatment resulted in significantly smaller tumors in the mCPA only or combination treated groups in treated mice by the end of the study period (i.e., on day 29; Fig. 6A ). To determine if immunity could be transferred using T cells derived from treated animals, we dissociated spleens from tumor-bearing treated mice, enriched total T cells, and then transferred the T lymphocytes into recipient mice bearing 3-day old tumors. We confirmed the antigenic reactivity of the donor splenocytes by IFNg ELISPOT assay (Fig. 6B) prior to isolating total T cells. T-cell purity was assessed by immunofluorescence staining and flow cytometry and determined to be >85%, with <5% NK T cells (data not shown). As a positive control, one group of recipient mice did not receive T cells but rather was directly immunized with DPX-R9F on day 3, and a negative control group was treated with PBS. Two groups of recipient mice received T cells isolated from donors treated with either DPX-R9F vaccination only, or alternatively, mCPA in combination with DPX-R9F (Fig. 6C) . Only the T cells isolated from the combinatorial mCPA and DPX-R9F treated donors significantly reduced tumor growth in recipient mice (P < 0.001 on day 29; Fig. 6C ). We repeated this experiment but transferred purified CD8
C T cells from either mCPA or DPX-R9F monotherapy or mCPA and DPX-R9F combined treated donors (Fig. 6D) . In this study, the CD8 C T cells isolated from both the DPX-R9F monotherapy and the combination treated donors significantly reduced tumor volume throughout the duration of the study. mCPA alters the immune profile of the spleen of tumor bearing mice
The adoptive transfer of T cells or CD8 C T cells was only able to partially confer immunity to recipient mice, indicating that the mCPA may have other effects on the immune system besides enhancing CTL activity. Low dose sbCPA has been reported to have a transient effect on immune cells, which reach nadir 4 d after treatment before rebounding. 8, 15 As the spleen is an important reservoir for immune suppressor cells, we looked at the levels of several cell types 4 d and 8 d after treatment by cytofluorimetric analysis using flow cytometry (days 25 and 29 of study, respectively). 30 On day 25, 4 d after DPX-R9F vaccination and/or 4 d after mCPA treatment end, we found that while the total number of splenocytes was not different between groups, the total number of CD8 C T cells, CD4 C T cells, and B cells were significantly reduced in groups treated with mCPA compared to non-mCPA treated groups (Fig. 7) . No significant differences were detected in total NK cells (data not shown). There was a significant reduction in total Tregs in the combination treated group compared to the vaccine only treated group, but the decline in Tregs observed in the mCPA only treatment group was not significant compared to untreated tumor bearing mice. We also did not detect any differences in the number of myeloid derived suppressor cells (MDSCs) at this time point.
On day 29, 8 d after DPX-R9F vaccination and/or 8 d after mCPA treatment end, we evaluated the spleen populations of tumor bearing and non-tumor bearing mice (Fig. 8) . By this time, the total numbers of CD8
C and CD4 C T cells were similar in all groups. Total B cells remained significantly diminished in the combination treated mice as compared to mice treated with mCPA or vaccine alone. In the combination therapy group, however, the total number of Tregs was not significantly different. Notably, total MDSCs in tumor-bearing mice treated with mCPA alone were selectively increased, but not in non-tumor bearing mice treated with mCPA. Of particular relevance, tumorbearing mice treated with mCPA and DPX-R9F vaccination combinatorial therapy did not display elevated MDSCs levels.
To confirm that these MDSCs had functional activity, they were isolated from the spleens of each tumor-bearing group and used in a suppression assay by co-culturing them at a 2:1 ratio with purified Oregon green-labeled T cells stimulated with anti-CD3/ CD28 beads. The MDSCs from all groups equally suppressed T cell proliferation (Fig. S2) .
Discussion
The majority of pre-clinical and clinical studies reported to date evaluating low dose CPA as an immune modulator for Statistical analysis was performed by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001.
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Volume 3 Issue 8 OncoImmunology vaccination have used single bolus administration of CPA (e.g., 50-100 mg/kg intravenously in mice). Unfortunately, however, this form of administration has displayed poor translational efficacy, which may be in part due to its sensitivity to timing of CPA administration and vaccination. [14] [15] [16] In contrast, daily low dose metronomic CPA administration (e.g., 20 mg/kg/day orally in mice) may allow more flexibility in the timing of CPA dosing relative to vaccination, as well as the added convenience of pill administration. In our model, both forms of low dose CPA administration enhanced the efficacy of a peptide-based vaccine targeting HPV16-expressing tumors (Fig. 1) . In the context of monotherapy, sbCPA provided better protection than mCPA, reflecting inherent differences in these 2 forms of low dose CPA treatment. These results are consistent with the findings of Peng et al. who found that both forms of low dose CPA can enhance the efficacy of a DNA-based HPV16 vaccine as demonstrated by tumor growth and flow cytometric analysis of immune populations. 26 In this study, we extended the analysis of metronomic low dose CPA in combination with a peptide vaccine to evaluate immune functionality as well as cell populations. One of the disadvantages with sbCPA/ vaccine combination is that it is very sensitive to timing. 15, 16 In mice, the therapeutic window appears to be vaccination 1 to 3 d after sbCPA administration. Since mCPA therapy is administered over a longer period of time, it may prolong the therapeutic window and allow more flexibility in timing of vaccination relative to immune modulation. To test this hypothesis, we investigated whether vaccine efficacy was compromised if given at the beginning or end of a weekly mCPA treatment (Fig. 2) . The rapid C3 tumor growth rate taken together with tumor treatment sensitivity impacted tumor burden such that it was inherently different when mice were treated at different time points, thus obscuring differences due to temporal/kinetic effects. However, significant protection was provided to the combination group in Fig. 2A which mice received vaccination and mCPA starting 7 d after tumor implantation (mCPA after vaccination) as well as the combination group in Figure 2B which mice received mCPA starting on day 7 followed by vaccination on day 14. While early vaccination is a significant contributor to the effect seen in Fig. 2A , it is important to note that this effect was enhanced rather than reduced whether mCPA was provided, irrespectively of whether this was before or after vaccination. Supporting this, the immunogenicity of the vaccine tested by IFNg ELISPOT was the same in either group (Fig. 2C) . These results indicate that vaccination may benefit from concurrent mCPA treatment with less timing constraints, a considerable improvement on scheduling flexibility compared to sbCPA.
To understand the mechanism of how mCPA was enhancing vaccine efficacy, we dissected the immune response in the vaccine-draining lymph node and spleen of tumor bearing ). Mice were pooled from 2 separate experiments. Statistical analysis was performed by one-way ANOVA with Tukey's post-hoc test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mice after a single round of treatment with mCPA and/or vaccine. Increased antigen-specific IFNg ELISPOT responses in the lymph node correlated with an enrichment of antigenspecific CD8 C T cells due to mCPA-induced depletion of non-specific CD8 C T cells. Increased IFNg ELISPOT responses were also detected in the spleen and correlated with increased CTL activity. These observations indicate that mCPA-induced enrichment of antigen-specific CD8 C T cells in the lymph node allows more efficient proliferation and migration of vaccine-induced immune response to the spleen, ultimately resulting in better systemic CTL activity. The fact that mCPA does not reduce antigen-specific CD8 C T cells induced by vaccination substantiates that this form of immune modulation is particularly suitable for combining with vaccine therapy.
We analyzed the mRNA levels of several genes associated with cytotoxic T-cell responses in order to obtain a comprehensive snapshot of immune modulation within the tumor microenvironment. Quantitative RT-PCR was particularly feasible since the tumors of treated mice were small (<500 mm 3 , Fig. 6A ). . Tumor-bearing mice were pooled from 9 separate experiments; non-tumor bearing mice were pooled from 8 separate experiments. Statistical analysis was performed by one-way ANOVA with Tukey's post-hoc test; *P < 0.05, **P < 0.01.
e953407-10 Volume 3 Issue 8 OncoImmunology
Although a limitation of this data is the inability to correlate mRNA expression with a given cell type in this mosaic cell population, the increased expression of several genes associated with CTL activity is highly suggestive of increased TIL cell subsets, although malignant cell (or other, non-immune tumor cell) expression remains possible. Furthermore, the increased CTL activity observed in the spleen and lymph node also supports the notion that the combinatorial therapy increases CTL infiltration into the tumor microenvironment. Interestingly, the mRNA encoding the co-inhibitory receptors programmed cell death 1 (PD-1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) were also increased in combination treated mice. Previous studies have demonstrated that PD-1 positive CD8
C T cells isolated from tumors correlate with an antigen-specific response. 31 This suggests that the combination treatment is inducing a highly functional CTL response that can penetrate the tumor, but which may still be susceptible to tumor-induced immune suppression in the form of PD-1 or CTLA-4 induction. In light of these observations, it would be of interest to combine mCPA with vaccine and monoclonal antibodies toward these receptors to further enhance therapy, even in the case of advanced disease.
The adoptive transfer experiment demonstrated that tumor control can be partially transferred to recipient mice by total T cells or CD8 C T cells from combination treated donor mice (Fig. 6C, D) . Lack of complete efficacy could be attributed to mCPA treatment having a direct antitumor effect, or it could be providing immune modulation in some other form. The significant reduction in lymph node sizes in response to mCPA therapy detected 8 d after treatment indicated that mCPA was capable of inducing prolonged lymphodepletion (Fig. 2B) . Analysis of splenic immune populations provided additional understanding of the unique effects on the immune cells in each treatment group. The differences between the splenic populations in tumor-bearing mice treated with mCPA alone versus mCPA combined with vaccination provided insight, particularly since these 2 groups had comparable tumor sizes at the time of termination (Fig. 6A) . We found that mCPA treatment, alone or in combination with vaccine, significantly decreased CD8 C T cells, CD4
C T cells and B cells 4 d after completion of mCPA treatment, but by day 8, the T cell populations returned to pre-treatment levels whereas B cells remained scarce in combination treated groups. The sensitivity of B cells toward various doses of cyclophosphamide treatment is well known, but the participation of B cells in vaccine-induced antitumor immune responses is not well defined. 32, 33 A suppressor subset of B cells, referred to as regulatory B cells or B10 and recently identified as CD19 C CD5 C CD1d hi , may play a role in fostering tumor progression. 34, 35 B cells in general may play an underappreciated role in promoting tumor growth, as B-cell deficiency results in slower tumor growth in some cancer models. 36, 37 Furthermore, the B-cell depleting anti-CD20 monoclonal antibody has been shown to increase subsequent cellular responses to tumors in mice 38 and enhance T-cell responses after vaccination. 39 Since treatment with combination therapy provided effective tumor control, it may be inferred that B cells in the HPV16 murine tumor model are promoting tumor growth, and therefore reduction by mCPA contributes to immune enhancement.
Low dose CPA is often associated with a selective decrease in Tregs. 8, 32 In this study we found that Tregs were significantly reduced in combination treated tumor-bearing mice 4 d after mCPA treatment end, but since the total levels of CD4 C T cells were also reduced at this time point we could not conclude that the Treg reduction was selective. Total Tregs were comparable in all groups by day 8 (Fig. 8E) . Others have also reported this lack of a targeted effect on Treg populations after low dose CPA treatment in both mouse models and human clinical trials. 12, 14, 40 It has also been reported that instead of depleting Tregs, low dose CPA renders them non-functional, a phenomenon that was not addressed in this study. 8 Furthermore, it has been reported that low-dose CPA selectively reduces intratumoral levels of Tregs, but the quantitative RT-PCR analysis of tumors for FoxP3 suggests that this immune cell subset is not being reduced in the tumor microenvironment either (Fig. 5E) . 12 We speculate that while the temporary reduction in Tregs may be a factor contributing to the immune enhancement provided by mCPA, this effect is not sufficient to account for the significant increases in antitumor immunity.
On day 29, splenocytes of mice treated with mCPA monotherapy exhibited a selective and significant increase in MDSCs.
Increased occurrence of CD11b
C / GR-1 hi MDSCs after low dose CPA treatment has been previously reported, leading to the suggestion that low dose CPA may be limited as a monotherapy because it stimulates accumulation of MDSCs that ultimately leads to rebounding of tumor growth. 32, 41 To compensate, low dose CPA treatment has been combined with drugs that specifically reduce MDSC levels such as gemcitabine or ATRA. [42] [43] [44] We found that the combination of mCPA plus DPX-R9F did not increase MDSC levels, negating the need for additional drugs. MDSC's are essentially akin to haematopoietic stem/ progenitor cells arrested in development, presumably by the inflammatory cytokine milieu created by the tumor. 45, 46 We found that the MDSC population was not increased in nontumor bearing mice in response to mCPA treatment, which suggests that the presence of the tumor was causal in promoting their selective expansion (Fig. 8F) . We found that the MDSCs isolated from mice in each group retained similar immunosuppressive functionality (Fig. S2) , which is in contrast to previous studies reporting that CPA-induced MDSCs displayed higher suppressive activity, or alternatively, no suppressive activity. 15, 43 Differences such as these may be a reflection of biological factors, such as the type of tumor model used, or technical, such as the assay conditions.
This study was performed with the HPV16 mouse tumor model that expresses the highly immunogenic MHC Class Irestricted epitope HPV16E7 [49] [50] [51] [52] [53] [54] [55] [56] [57] . Other cancer vaccine models, such as B16, express only weakly immunogenic epitopes, such that extending these findings into other models may not be direct. Additionally, the use of a model overexpressing a viral oncoprotein may influence the immunosuppressive nature of the tumors used herein by making the lesions more amenable to mCPA therapy. However, we have recently completed a Phase I clinical trial of a survivin-targeted vaccine that uses immunogenic modified peptide antigens (DPX-Survivac) in combination with mCPA to treat ovarian cancer patients and have found similarities in the immune responses generated in those patients to the results acquired here (manuscript in preparation). In this respect, our findings in regards to the scheduling of vaccination relative to mCPA treatment were helpful in designing the clinical trial and identifying appropriate biomarkers to assess. While the results of this pre-clinical study cannot be expected to be recapitulated fully in other pre-clinical models or human clinical trials, its sensitivity to immune modulation can be used to probe how immunogenicity of a peptide vaccine and subsequent antitumor activity may be influenced by combination therapies.
In conclusion, we have demonstrated that mCPA provides immune modulation to enhance the efficacy of a peptide vaccine in an HPV16 tumor model. Timing of mCPA therapy in relation to vaccination appears to be less stringent than sbCPA, and therefore may be emulated better in human clinical trials. 
Materials and Methods
Mice and tumor implantation Pathogen-free, 6-8 week old female C57BL6 mice were obtained from Charles River Labs (St Constant, PQ, Canada). Mice were housed under filter-top conditions and provided food and water ad libitum. Institutional animal care and use guidelines set by Carleton Animal Care Facility at Dalhousie University (Halifax, NS, Canada) were followed for all experiments. All experimental procedures performed during this study were approved by the Ethics Committee at Dalhousie University and strictly followed the guidelines set by The Canadian Council on Animal Care (CCAC).
The C3 tumor line was provided by Dr Martin Kast (USC, Los Angeles, USA). The C3 cells are derived from C57BL6 mouse embryo cells transfected to express HPV16. 27 The C3 , or showed significant signs of ill health, such as wasting, severe dehydration, significant decrease in activity and hunched or prostate posture. When survival endpoint was determined, mice were humanely euthanized per the CCAC guidelines.
Peptides
All peptides were synthesized by NeoMPS (San Diego, CA, USA) at >90% purity. The CD8 epitope HPV16E7 49-57 (RAH-NIVYTIF; R9F) was used in each study. In some studies, the irrelevant peptide TRP2 180-188 was used (SVYDFFVWL; S9L). All vaccines contained a universal T helper peptide, either PADRE (AKXVAAWTLKAA) or TT 830-843 (FNNFTVSFWLRVPKVSASHLE; F21E), as indicated.
Vaccine preparation and immunization
DepoVax peptides vaccines were formulated with a proprietary adjuvant as previously described. 3 Briefly, peptides and adjuvant were solubilized in appropriate buffer and mixed with a dioleoylphosphatidyl choline (DOPC) and cholesterol mixture (Lipoid GmBH) to form liposomes. The aqueous mixture was lyophilized to a dry cake, which was reconstituted with Montanide ISA51 VG (SEPPIC) just prior to injection. Mice were vaccinated subcutaneously on the right flank with 50 mL of vaccine. Each dose of vaccine contained 10 mg R9F fused to PADRE C 20 mg adjuvant or 5 mg R9F C 5 mg F21E C 20 mg adjuvant, where indicated. When multiple vaccinations were administered they were given in the same general area while avoiding previous immunization sites.
Cyclophosphamide treatment
Cyclophosphamide (Sigma-Aldrich) was reconstituted in PBS and given either as a single intravenous injection in the lateral tail vein at 100 mg/kg for IV sbCPA administration or provided for consecutive days in drinking water at 0.133 mg/mL calculated to deliver 20 mg/kg/day based on 3 mL water/ mouse/ day for PO mCPA administration. For oral administration, water was changed every 2-3 d Mice that were treated with cyclophosphamide were monitored daily for signs of ill health indicating adverse reactions to cyclophosphamide treatment.
IFNg ELISPOT
IFNg ELISPOT assay was performed as previously described. 3 Briefly, mature dendritic cells (DCs) were generated by culturing bone marrow cells from na€ ıve C57BL6 mice in complete RPMI media [RPMI 1640 (Gibco) C 10% FBS, 2% penicillin/ streptomycin (Gibco), 2mM L-glutamine (Gibco), 50 mM b-mercaptoethanol (Sigma-Aldrich), and 5mM HEPES buffer (Gibco)] supplemented with murine GM-CSF (Peprotech). DCs were loaded with 10 mg/mL peptides on d 7. Day 8 DCs were resuspended in complete RPMI at 2 £ 10 5 cells/mL and used as antigen presenting cells for the ELISPOT assay.
Right inguinal lymph nodes were collected from mice upon euthanasia. Single cell suspensions were prepared in complete RPMI media and cell concentration adjusted to 2 £ 10 6 cells/ mL. Lymph node cells (100 mL) and DCs (100 mL) were added to IFNg ELISPOT plates (BD Bioscience). The ELI-SPOT plate was incubated overnight at 37 C, 5% CO 2 and then developed the next day using AEC substrate kit (SigmaAldrich). Spots were counted using an ImmunoSpot Analyzer, ELISPOT plate reader (C.T.L. Ltd, Shaker Heights, OH, U.S.A.) and enumerated as number of spot-forming units (SFU) per well.
IFNg ELISPOT performed using splenocytes had the following modifications. Single cell suspensions of splenocytes were prepared by lysing RBCs with ammonium-chloride-potassium solution and resuspending the cells at 5 £ 10 6 cells/mL in complete RPMI media. A volume of 100 mL cells was added into IFNg ELISPOT plate and stimulated with 100 mL complete RPMI containing no peptide (background control), 20 mg/mL R9F or irrelevant peptide, or 5 £ 10 5 cells/mL C3 tumor cells.
In vivo cytotoxic lymphocyte assay CTL in vivo assays were performed as described previously. 28 Briefly, RBC-lysed splenocytes from na€ ıve C57BL6 mice were resuspended at 10 8 cells/ mL in HBSSCHEPES and divided into 2 tubes which were pulsed with R9F peptide at 20 mg/mL or unpulsed for 1.5 hours at 37 C. Both fractions were washed and resuspended in PBS. Each fraction was labeled with Oregon Green 488 (Life Technologies) at 5 mM for peptide-pulsed or 0.5 mM for unpulsed. After labeling, the fractions were washed, resuspended in HBSS at 10 8 cells/mL and pooled 1:1. Recipient mice received 200 mL of the mixed cells via lateral tail vein injection. Eighteen hours later, the mice were terminated and spleens collected. A single cell splenocyte suspension was prepared and the relative levels of each target population detected by flow cytometry. Percent specific lysis of fluorescent donor spleen cells in each mouse was calculated as follows: 1¡(r naive /r vaccinated ) £ 100%, where r D number of control cells/ number of peptidepulsed target cells.
Fluorescence cytometry
Cells were pre-incubated with anti-CD16/CD32 Fc blocking antibody (eBioscience) to block non-specific staining. Antibody cocktails were added and cells incubated at 4 C for 30 min. Intracellular staining for FoxP3 was performed by pretreating with a permeabilization kit from eBioscience. The following fluorochrome-conjugated anti-mouse antibodies were used to stain the cells: anti-CD3, anti-CD4, anti-CD8a, anti-GR1, antiCD11b, anti-CD11c, anti-CD25, anti-NK1.1, anti-CD19, and anti-FoxP3, all purchased from eBioscience. Phycoerythrin conjugated R9F-dextramer-PE was obtained from Immudex. A FACSCalibur (BD Biosciences) was used for acquisition of flow cytometry data and analysis was performed using WinList 7.0 (Verity Software, Topsham, ME, USA).
Adoptive transfer of immunity Total T cells or CD8
C T cells were isolated from donor mice via negative magnetic selection using EasySep Mouse Pan T and EasySep Mouse CD8 C T cell isolation kits (Stem Cell Technologies) and T cell purity was assessed by fluorescence cytometry. Cells were prepared in HBSS and 10 £ 10 6 T cells or 4 £ 10 6 CD8 C T cells were injected intravenously into recipient mice that had been challenged with C3 tumor cell injections 3 d prior.
Quantitative RT-PCR Total RNA was isolated from using RNeasy Plus Mini Kit (QIAGEN); 5 mg aliquots were treated with DNAse I (Invitrogen) and reverse transcribed using a SuperScript III reverse transcriptase kit (Invitrogen) and oligo(dT) primer (Invitrogen). PCR primers for Cd8a, Gzmb, Ifng, CD4, FoxP3, Il10, Il4, Pdcd1, Ctla4, and Tbp were designed using Primer-BLAST algorithm ( Table S1 ). Amplifications of these transcripts were performed on a Rotor Gene 3000 real-time PCR machine using a QuantiFast SYBR Green PCR kit (QIAGEN). Data were analyzed based on the standard curve method and normalized against levels of Tbp mRNA encoding the housekeeping TATA box binding protein (Tbp). Quantitative amplifications of CD19, Klrc1 and and Tbp transcripts were perform using RT 2 qPCR Primer Assays (QIAGEN) and RT 2 SYBR Green ROX FAST kit (QIAGEN). Quantifications were performed based on DDCT method as recommended in the provided protocol.
Statistical analyses
Statistical analyses were conducted with GraphPad Prism 6 (La Jolla, CA, USA) software. Data was analyzed by appropriate test as indicated in figure legends, including one-way ANOVA with Tukey's post-hoc test, Student's t test, log-rank test, and 2-way ANOVA with Bonferroni post test. Significant differences were considered and denoted as: *P 0.05, **P 0.01, ***P 0.001, ****P 0.0001.
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